months of treatment. This reduction in the percentage of the malignant T-cell population in response to therapy was paralleled by clinical skin improvement from initial generalized erythroderma to undetectable skin disease.
Conclusions: This case demonstrates that response to combination treatment with photopheresis and lowdose interferon ␣ in patients with advanced CTCL may be accurately and quantitatively followed up by monitoring the percentage of the malignant T-cell clone (when identifiable) within the total circulating T-cell population by flow cytometry.
Arch Dermatol. 2003; 139:909-913 C UTANEOUS T-CELL lymphomas (CTCLs) are malignancies of the skin homing T cells that share the common feature of malignant T-cell accumulation in the skin. 1 Since one of the major features of CTCL is the clonal expansion of a single malignant T cell, the identification of the dominant T-cell population is very helpful in the diagnosis of CTCL. In early stages, most malignant T cells reside in the skin, and skindirected therapies can result in durable remission. Progression of the disease can in some cases lead to increasing numbers of the malignant T cells in the peripheral blood. Findings associated with peripheralblood involvement are elevations in atypical cell count (Sezary cells), increased percentage of the CD4 + CD7 − cells, and a CD4/ CD8 ratio greater than 10. 2 The actual detection of the malignant clone of T cells in the peripheral blood, however, requires T-cell receptor (TCR, the antigen recognition unit) gene rearrangement studies, typically Southern blotting or polymerase chain reaction (PCR)-based technologies.
Because malignant T cells in advancedstage CTCL are no longer confined to the skin and are detected in the peripheral blood and lymph nodes, systemic therapies are required.
3 Extracorporeal photopheresis is an effective treatment modality developed by Edelson and colleagues 4 to treat advanced-stage CTCL. The treatment consists of extracorporeal UV-A irradiation of peripheral-blood mononuclear cells in the presence of 8-methoxypsoralens, followed by subsequent reinfusion of treated cells to the patient. Photopheresis can lead to complete remission in a subset of erythrodermic patients. However, partial remission are common 5 and some patients with advanced CTCL may require combination therapy. 6 The effectiveness of the extracorporeal photochemotherapy has been shown to be enhanced by combining it with interferon ␣.
7,8

REPORT OF A CASE
A 51-year-old white woman presented with a 2-year history of recurrent, extremely pruritic rash and generalized lymphadenopathy. Her previous therapy was limited to topical corticosteroids. An initial lymph node biopsy specimen showed only a reactive node; however, subsequent lymph node and skin biopsy specimens were both consistent with cutaneous T- cell lymphoma with lymph node involvement. The medical history was unremarkable. The patient's only medication was fexofenadine hydrochloride. Findings on physical examination were remarkable for a nearly confluent, erythematous rash with minimal scaling and palpable adenopathy in the left axillary and inguinal area bilaterally. Histologic findings of an axillary lymph node were focally reminiscent of dermatopathic lymphadenitis; however, atypical lymphocytes were identified with an immunophenotype similar to that of the cutaneous infiltrate. Thus, according to the TNM staging system, the patient's stage was T4 N3 B2 and was classified as having stage IVA CTCL.
Computed tomographic scans of the chest and abdomen were unremarkable. Computed tomographic scans of the pelvis showed the presence of small retroperitoneal lymph nodes, measuring less than 1 cm.
Laboratory studies showed a normal white blood cell count, absolute CD4 count of 4869/µL; CD4/CD8 ratio of 14.8; 93% CD3, 89% CD4, and 6% CD8; and lactate dehydrogenase level of 750 U/L (normal range for this laboratory, 313-618 U/L).
Examination of a hematoxylin-eosin-stained skin biopsy specimen showed epidermotropism and a moderately dense upper and mid dermal lymphoid infiltrate composed of small to intermediate size lymphocytes with irregular nuclear outlines and condensed chromatin. The infiltrate had a perivascular and periadnexal distribution. Immunoperoxidase studies performed on paraffin sections showed the infiltrate to be composed predominantly of CD3 + cells with a predominance of CD4 + cells. There was partial loss of CD7 expression within the Tcell population.
Clonal rearrangement studies of the ␥-TCR gene indicated a clonal population of lymphoid cells present within both the skin and the lymph node.
Photopheresis (on 2 consecutive days every 3 weeks) and low-dose interferon ␣ therapy (3 million units 3 times weekly) were initiated.
METHODS
FLOW CYTOMETRY
Peripheral-blood mononuclear cells were isolated from heparinized venous blood obtained from the patient and 4 healthy donors by means of density gradient centrifugation over Ficoll reagent (HISTOPAQUE; Sigma-Aldrich Corp, St Louis, Mo). Three-color flow cytometric analysis was performed with monoclonal antibodies against the TCR variable (V␤) chain: unconjugated V␤18; phycoerythrin (PE)-conjugated antibodies to V␤1, V␤2, V␤5.1, V␤5.2, V␤5.3, V␤7, V␤9, V␤11, V␤12, V␤13.1, V␤13.6, V␤14 (dominant T-cell clone), V␤16, V␤17, V␤18, V␤20, V␤21.3, and V␤22 (all from Immunotech, Westbrook, Me); PEconjugated antibodies to V␤3, V␤8, and V␤23 (BD Pharmingen, San Diego, Calif); cutaneous lymphocyte antigen fluorescein isothiocyanate (BD Pharmingen); and CD3 PerCp (peridinin chlorophyll protein) reagent (Becton, Dickinson and Company, San Jose, Calif). Isotype controls used were IgG1 PE, IgG2a PE, IgG2b PE, rat IgM fluorescein isothiocyanate (BD Pharmingen), rat IgG1 PE (Immunotech), and IgG1 PerCp (Becton, Dickinson and Company). After staining, cells were fixed with 1% paraformaldehyde and analyzed with a flow cytometer (FACScan).
COMPLEMENTARY DETERMINING REGION 3 SIZE ANALYSIS OF TCR V␤ TRANSCRIPTS USING PCR
Total RNA was extracted from healthy donors (n=6) and the patient's peripheral-blood mononuclear cells with a reagent (Trizol; Life Technologies, Grand Island, NY). Complementary DNA was prepared by means of oligo-deoxythymidine primers and reverse transcriptase (Powerscript; Clontech, Palo Alto, Calif) according to the manufacturer's instructions. The TCR V␤14 segments were amplified with C␤ (fluorescent)-specific and V␤14-specific primers as described previously.
9,10 Diluted PCR products were applied to a 5% polyacrylamide sequencing gel, and the size distribution of each fluorescent PCR product was determined by electrophoresis on an automated DNA sequencer (ABI Prizm 377; Applied Biosystems, Foster City, Calif). With this technique, an amplified TCR V␤ subfamily migrates as a series of bands, each one corresponding to a different complementary determining region 3 (CDR3) length. Data were analyzed by means of computer software (GeneScan; Applied Biosystems) that assigns a size and peak area to the different PCR products.
RESULTS
We performed flow cytometric analysis of the patient's peripheral-blood mononuclear cells by means of a panel of commercially available monoclonal antibodies against the human TCR V␤ chain covering more than 65% of the human TCR repertoire, as recently described in patients with Sezary syndrome. 11 We were able to identify the expansion of T cells expressing the V␤14 chain in the peripheral blood of this patient with stage IVA CTCL. Before initiation of the therapy, V␤14 + T cells represented 84% of the total T-cell population (CD3 + gate; Figure 1A ). Healthy control T cells from 4 donors were analyzed in a similar fashion, and the average percentage of the V␤14 + T cells was 2.1%, ranging between 1% and 4%. An example of the V␤14 expression in a healthy control is shown in Figure 1B . Flow cytometric analysis of peripheral-blood T cells isolated after 6 weeks of treatment showed a decrease in the percentage of malignant T cells from 84% to 62%, which continued to further decrease to only 15% of the total T-cell population after 18 weeks and 6% after 24 weeks (6 months) of photopheresis and interferon therapy ( Figure 1A) .
As shown in Figure 1A , malignant (V␤14 + ) T cells showed diminished CD3 expression, an observation previously reported in a subset of patients with Sezary syndrome. 12 The drop in the percentage of CD3 low T cells during treatment correlated with the decrease in the percentage of the V␤14 + T cells, and after 24 weeks the CD3 low population disappeared ( Figure 1A ). The decrease in the percentage of malignant T cells in the peripheral blood was accompanied by a drop in the absolute CD4 count from 4869/µL prior to treatment to 627/µL (reference range, 300-1300/µL) after 24 weeks of treatment. The CD4/CD8 ratio also decreased throughout the treatment ( Table 1) .
To further characterize the TCR V␤14 gene segment of the expanded T-cell population, CDR3 spectratype analysis was performed. WWW.ARCHDERMATOL.COMstrate a highly diverse and polyclonal TCR repertoire with a typically gaussianlike distribution of CDR3 species of approximately 8 sizes. A representative spectratype from a normal individual is shown in Figure 2A . Contracted spectratypes consisting of 1 to 4 peaks suggest the presence of an oligoclonal or monoclonal T-cell population. As shown in Figure 2B , CDR3 size analysis in our patient's blood before initiation of extracorporeal photopheresis and lowdose interferon ␣ combination therapy showed a single peak for TCR V␤14, which is highly suggestive of a monoclonal T-cell expansion. A spectratype profile consisting of 4 distinct peaks was found after 24 weeks of therapy, suggesting that the ratio of the only clone to normal V␤14 + T cells had fallen dramatically. Clinically, the patient presented with erythroderma involving more than 80% of the body surface, lymphadenopathy, and nearly intractable pruritus. After initiation of the combination therapy, the erythroderma gradually improved to scattered erythematous lesions involving less than 80% of body surface at 6 weeks, then to barely detectable disease at 18 weeks and complete resolution of the skin lesions at 24 weeks of therapy ( Table 2 ). The gradual improvement and eventual clearing of skin lesions after 6 months of treatment was closely paralleled by the decrease in the percentage of malignant T cells and eventually the normalization of the V␤14 + cells in the peripheral blood. Photopheresis and interferon ␣ combination therapy also led to diminished lymphadenopathy.
COMMENT
In our patient with stage IVA CTCL who was receiving photopheresis and low-dose interferon ␣ therapy, we were able to identify the malignant T-cell clone by means of flow cytometry and CDR3 spectratype size analysis. Using flow cytometry with a panel of antibodies to the V␤ chain, we identified the expansion of the dominant Tcell clone (V␤14 + ) in the patient's circulation and monitored the changes in the percentage of malignant T cells during successful combination treatment with photopheresis and interferon ␣. Further evidence that these V␤14 + T cells represent a clonal expansion was obtained by CDR3 size analysis, which readily demonstrated a spectratype with a single peak before initiation of the therapy.
The results of the dramatic decrease in frequency of the malignant clone were also apparent in the V␤14 spectratype profile of this patient. In contrast to the initially observed monoclonal profile, 4 distinct peaks were found after 24 weeks of treatment, indicating a persistent but strongly decreased V␤14 + clone (at length 360) together with emerging detection of other presumably normal T cells with the use of V␤14. Methods commonly used to assess the efficacy of a treatment of patients with CTCL with peripheral-blood involvement are monitoring changes in the CD4/CD8 ratio and the percentage of CD4 + CD7 − T cells. However, these methods are neither accurate nor specific for CTCL, since such changes can occur in other disease processes. 13 Indeed, while an increased percentage of CD4 + CD7 -T cells can be detected in a number of patients with advanced CTCL, in other patients with CTCL with peripheralblood involvement (such as in this patient), no expansion of T cells displaying this phenotype can be observed.
The presence or absence of monoclonality in the circulation during the course of a treatment has been generally confirmed through TCR gene rearrangement studies, such as Southern blot or PCR. However, these nonquantitative studies cannot be used to determine exact percentages of malignant T cells within the total circulating T-cell population, limiting their utility for monitoring treatment efficacy. Flow cytometry has been recently used to determine the identity of the malignant T-cell clone in the peripheral blood of patients with CTCL. 11 Although V␤ typing is limited to families for whom specific antibodies are commercially available covering almost 70% of the human TCR repertoire, in a subset of patients with CTCL, the clonally expanded malignant population may not be identified.
Using flow cytometry, we were able to accurately measure the tumor burden in the blood of this patient with advanced-stage CTCL. The expanded V␤14 + T-cell clone represented 84% of the total T-cell population before therapy and progressively diminished to 62% after 6 weeks of treatment. After 4.5 months, these cells had dropped to 15% and further to 6% after 6 months of photopheresis and low-dose interferon ␣ combination treatment. This progressive and dramatic decrease in the actual percentage of malignant T cells was paralleled by a gradual and eventually complete resolution of the erythroderma and pruritus. This case demonstrates the utility of direct identification of the malignant T-cell population in the peripheral blood of patients with advanced-stage CTCL, showing that monitoring the percentage of the malignant T-cell clone within the total T-cell population by flow cytometry can be an objective tool to accurately and quantitatively assess treatment efficacy. Analysis of the malignant T-cell population (when identifiable) might also allow prediction of response to a therapy and may be a useful tool in clinical trial designs in the future. 
